Abstract Thin-film-rotating disk electrodes (TF-RDEs) are the half-cell electrochemical system of choice for rapid screening of oxygen reduction reaction (ORR) activity of novel Pt supported on carbon black supports (Pt/C) electrocatalysts. It has been shown that the magnitude of the measured ORR activity and reproducibility are highly dependent on the system cleanliness, evaluation protocols, and operating conditions as well as ink formulation, composition, film drying, and the resultant film thickness and uniformity. Accurate benchmarks of baseline Pt/C catalysts evaluated using standardized protocols and best practices are necessary to expedite ultra-low-platinum group metal (PGM) catalyst development that is crucial for the imminent commercialization of fuel cell vehicles. We report results of evaluation in three independent laboratories of Pt/C electrocatalysts provided by commercial fuel cell catalyst manufacturers (Johnson Matthey, Umicore, Tanaka Kikinzoku Kogyo-TKK). The studies were conducted using identical evaluation protocols/ ink formulation/film fabrication albeit employing unique electrochemical cell designs specific to each laboratory. The ORR activities reported in this work provide a baseline and criteria for selection and scale-up of novel high activity ORR electrocatalysts for implementation in proton exchange membrane fuel cells (PEMFCs).
Introduction
The imminent commercialization of PEMFCs for automobiles has energized the research and development community in universities, national laboratories, electrocatalyst suppliers, and automotive companies throughout the world to focus on eliminating and mitigating the residual challenges. A reduction in cathode platinum electrocatalyst loading by a factor of about 4, while maintaining current performance, is imperative to meet the cost targets (∼10g Pt /100 kW stack; ∼$50/g Pt ) that have been established by the US Department of Energy (DOE) [1] [2] [3] .
Laboratory-scale electrocatalysts are typically synthesized in extremely small quantities of tens of micrograms and demand rapid screening for ORR activity prior to scale-up and subsequent in situ evaluation in fuel cells. Consequently, halfcell electrochemical techniques have attracted considerable attention as a high-throughput research platform and are demonstrating increased sophistication due to advancements in test methodologies. Although floating electrode [4] and channel flow double electrode (CFDE) [5, 6] half-cell techniques have strengths that make them worthy of being pursued, the thin-film-rotating disk electrode (TF-RDE) technique appears to be overwhelmingly advantageous in its present state-ofdevelopment. This is partly due to the commercial availability of rotators and associated components including standardized disks of glassy carbon (GC), gold, platinum, etc., at an acceptable cost. The use of TF-RDE eliminates the need to fabricate membrane-electrode assemblies (MEAs) as the first step in the catalyst evaluation/screening process as well as the influence of other fuel cell components on initial catalyst performance and durability assessment. TF-RDE sample throughput is fairly high, in that, a supported Pt-based catalyst can be screened for ORR area specific activity (SA), mass specific activity (MA), and electrochemical surface area (ECA) by preparing and testing 1-2 inks/4-8 electrodes in ∼2 days by a single trained operator.
The refinement of the TF-RDE technique reported by several major groups [7] [8] [9] [10] [11] has had a profound influence in the field of electrocatalyst characterization leading to widespread adoption of the technique. TF-RDE has been used to determine the ORR activity of Pt-alloy catalysts [12] [13] [14] [15] [16] [17] [18] [19] [20] , core-shell catalysts [21] [22] [23] [24] [25] [26] , extended thin film structures [13-15, 27, 28] , non-precious metal catalysts [29] [30] [31] [32] [33] [34] [35] , Pt on alternative supports [36, 37] , as well as to study particle size effects [8, [38] [39] [40] [41] [42] [43] [44] [45] , the oxygen reaction order [10, 46] , activation energy, durability [21, 25, 26, 36, [46] [47] [48] [49] [50] [51] [52] [53] [54] [55] , Pt surface oxidation [56, 57] , and peroxide formation using rotating ring-disk electrodes (RRDE) [30, 58] .
However, significant discrepancies in activity values reported between research groups have been observed and recent improvements in the technique have not been systematically quantified and universally adopted. These issues have lead to the introduction of inaccurate, irreproducible, and unreliable screening and benchmarking of electrocatalysts. Bulk poly-Pt is often used as a sensor for the impurity levels in cell glassware, electrolyte, reactant gases, etc. in an electrochemical system. However, a consensus does not exist regarding the magnitude of its ORR SA and what minimum value is acceptable for obtaining reliable ORR activity measurements of high surface area catalysts. Table 1 compiles some of the reported literature values of the ORR SA of poly-Pt; SA values range from 0.8 to 2.8 mA/cm 2 Pt . In addition to impurity levels in the electrochemical system, operating conditions (including temperature and partial pressure), measurement protocol parameters (such as scan rate, direction of sweep), and corrections for iR affect the final reported activity value.
For the case of Pt/C catalysts, the range of activity values is even broader since the catalyst ink composition/formulation, properties of the deposited films, including thickness and uniformity, and the evaluation protocol significantly influence the measured SA. Table 2 is populated with activity values reported over the last decade for a single Pt/C catalyst tested in different laboratories and shows that the MA can vary by a factor of as much as 8.6. A low ORR activity value for baseline Pt/C electrocatalysts in TF-RDE often results in novel electrocatalysts displaying a much higher activity enhancement factor that is not valid. The lack of a standard measurement protocol and well-defined film quality is an impediment to the down-selection of an electrocatalyst from TF-RDE studies for scale-up and evaluation in fuel cells.
Traditional stationary air-drying techniques involve the deposition of an aliquot of catalyst ink onto a stationary RDE GC disk. They suffer from an inherent drawback, in that, they result in the manifestation of the so-called coffee ring that form due to capillary forces generated by faster evaporation at the periphery of the ink droplet/RDE disk. Dissatisfied with the quality of observed films, Garsany et al. [73, 74] developed a Brotational air drying^technique to mitigate the problem. Shinozaki et al. [75, 76] have recently compared the stationary air-drying (SAD), rotational air-drying (RAD), and stationary IPA drying (SIPAD) techniques to demonstrate how film quality can greatly influence the measured ORR activity by as much as a factor of 2.8. The RAD technique incorporates Nafion ionomer in the ink formulation and was found to be the most reliable technique and not significantly influenced by operator skill. Additionally, the incorporation of Nafion ionomer suppresses the SA in a manner that may mimic catalyst layers of PEMFCs. In this work, we exclusively employ the RAD technique to establish ORR activity benchmarks for Pt/C catalysts.
Our primary objective in this work is to establish reproducible ORR activity benchmarks using standardized evaluation protocols and best practices for ink dispersion/film deposition/ drying as well as to specify the corrections applied to raw data in the analyses. We hope it will enable fair and reasonable 
Experimental Catalysts, Chemicals, and Gases
The three Pt/C catalysts evaluated in this work are described in Table 3 . Deionized (DI) water (>18.2 MΩ·cm, TOC <5 ppb) from a Milli Q system (Millipore) was used for acid dilutions and glassware cleaning.
The following chemicals were used in electrolyte preparation and ink formulation at NREL: Isopropanol (IPA, CHROMASOLV® Plus, for HPLC, 99.9%, Sigma-Aldrich), Nafion solution (DE520, EW1000, 5 wt%, 0.924 g/mL, Sigma-Aldrich), 0.05 μm alumina dispersion (Buehler Inc.), Nochromix® (Godax Laboratories, Inc.), and 70% perchloric acids sourced from Veritas® Doubly Distilled (GFS chemicals) for poly-Pt studies and Superior Reagent (ACS) (GFS chemicals) for Pt/C studies. Gases used in the NREL experiments were all classified as ultrapure grade (N 2 , 99.9999%; H 2 , 99.999%; O 2 , 99.9999%; CO, 99.998%, Matheson Gas).
The chemicals used in the ANL-HFCM experiments were as follows: Isopropanol (IPA, CHROMASOLV® Plus, for HPLC, 99.9%, Sigma-Aldrich), Nafion solution (274704-100ML, EW1100, 5 wt% in lower aliphatic alcohols and 15-20 wt% water, Sigma-Aldrich), Veritas Doubly Distilled 70% perchloric acid (GFS Chemicals). Research Plus grade Argon (99.9997%, AirGas) was used for deaerating the electrolyte and Ultrahigh Purity Grade Oxygen (99.994%, AirGas) for saturating the electrolyte with oxygen for ORR measurements. The chemicals used in the ANL-ESC Fig. 1 Electrochemical cell configurations used for TF-RDE measurements at the three laboratories (ECCL-NREL, HFCM-ANL, ESC-ANL) Fig. 2 Photograph of four inverted rotators used for TF-RDE film deposition using the rotational air-drying (RAD) technique , embedded in a PTFE cylinder, Pine Instruments) was employed as a working electrode in RDE measurements. A platinized Pt gauze having a surface area >100 cm 2 was employed as counter electrode (CE); a reversible hydrogen reference electrode (RHE) was ionically connected to the electrolyte in the main cell compartment via a Luggin capillary tip positioned close to the working electrode (WE). By employing a well-designed RHE, trace contamination caused by leakage of anions (e.g., Cl HFCM-ANL An electrochemical cell from Pine (RRPG022) with a volume of 150 mL was employed in all RDE measurements. A gold wire with a surface area of approximately 50 cm 2 was used as the counter electrode and was isolated from the main cell compartment using a fritted glass tube (Gamry, 930-00035). A mercury/mercurous sulfate reference electrode (Koslow Scientific Company, G0093; filling solution, saturated potassium sulfate) was located in a salt bridge (Gamry, 930-00045; filling solution, 0.27 M sulfuric acid) that was inserted directly in the main cell compartment. A bulk poly-Pt disk (Pine, AFE5T050PTHT High Temperature Platinum RDE Tip, 5.0 mm outer diameter, 99.99%) or a Pt/C ink deposited on a glassy carbon disk electrode imbedded in Teflon (Pine, AFEZM050GC) were used as the working electrode and were rotated using a Pine model MSRX rotator.
ESC-ANL A three-compartment electrochemical cell was used. An Ag/AgCl electrode was used as the reference electrode. The reference electrode was immersed in 0.1 M HClO 4 in a scintillation vial (20 mL) that was connected with the main compartment of the cell through a salt bridge. A Pt wire placed in a separate compartment was used as the counter electrode. A polished glassy carbon disk of 6 mm diameter was imbedded into PTFE column to make the working electrode. A Pine AFASR rotator with matching shaft controlled the rotation of the working electrode (Fig. 1) .
Electrode Polishing and Cleaning
The GC and poly-Pt RDE tips were polished using 0.05 μm alumina, rinsed with DI water, sonicated in DI water for ∼30 s followed by a final DI water rinse. The GC tips were dried using a nitrogen gun whereas poly-Pt RDE tips were sonicated in 0.1 M HClO 4 electrolyte for ∼30 s followed by rinsing in DI water prior to insertion in the electrochemical cell. During the brief transition period when the poly-Pt tips were being transferred to the cell, an extra precaution was taken by covering the Pt surface with a droplet of DI water or 0.1 M HClO 4 to prevent contamination from the ambient atmosphere.
Catalyst Layer Fabrication
Catalyst ink preparation methods were reported in our former study [75, 76] . Briefly, the preparation method is as follows: 7.6 mg Pt/HSC catalyst powder was mixed with 7.6 mL DI water, 2.4 mL IPA, and 40 μL of 5 wt% Nafion solution. The catalyst inks were sonicated for 20 min in an ice bath placed in the ultrasonicator unless otherwise stated. Ten microliter aliquots (51 μL/cm 2 GC ) of the catalyst ink were pipetted onto the cleaned and polished GC tip mounted on an inverted rotator shaft rotated at 0 or 100 rpm (the choice of two initial rotation rates did not affect the appearance of the final catalyst film or magnitude of measured activity). The ink was subsequently dried in air at room temperature by increasing and maintaining the rotator speed at 700 rpm for a period of 15 min [73, 74, 76] . We refer to this catalyst layer fabrication technique using the Nafion-based ink and this ink drying/film forming method drying method as Nafion-based rotational air drying or N-RAD (Fig. 2) .
Electrochemical System Cleaning
The cell glassware and components were soaked in conc. acid/ oxidizing agent in large containers placed in a hood. Subsequently, the glassware and components were rinsed thoroughly with DI water, and boiled in DI water (with a change of water) three to six times. Between electrochemical experiments, the glassware and components were stored submerged under DI water. Precise details of cell cleaning are discussed in the body of the manuscript. The electrochemical cell was rinsed with a diluted HClO 4 solution three times before being filled with the solution that was used in experiments.
Electrochemical Measurement Protocols
Details of the electrochemical measurement protocols, operating conditions, and corrections for conditioning/break-in, ECA, and ORR activity are provided in Tables 4, 5 , and 6. These protocols were determined after extensive studies of a large number of protocols and selected based on the ability to obtain reproducible activity values in a moderate time period.
Results and Discussions
Bulk poly-Pt was used as a sensor of the cleanliness of the RDE electrochemical cell prior to conducting measurements on the three Pt/C electrocatalysts. Bulk poly-Pt is easily available, and since these electrodes are about 4 mm thick, they can be polished and re-used a large number of times over several years. Poly-Pt exhibits an electrochemical area or roughness factor that is only ∼1.5 times the geometric area and exhibits a high measured SA rendering them extremely sensitive to cell impurity levels. The estimated impurity level based on measured SA is a cumulative measure of the electrode, electrolyte, glassware, and reactant gas impurities. The average ORR activity of poly-Pt at NREL was found to be 2.8 ± 0.2 mA/cm 2 Pt and is comparable to some of the highest values reported in the literature. The SA showed minimal degradation and good stability over the period of an hour of repeated cycling as depicted in Fig. 3 . Figure 4 compares the ORR activity of poly-Pt measured in the three laboratories. Note that different electrochemical cells were employed at the three laboratories, but identical protocols and similar electrode surface preparations were employed. A poly-Pt SA >∼2.0 mA/cm 2 Pt was found to be necessary in order to qualify the cell as having impurity levels below an acceptable limit in which the ORR activity of Ptbased catalysts could be measured with reasonable accuracy. Having established that the level of impurities in the system is acceptable, it is possible to proceed with confidence for measurements on Pt/C catalysts.
At NREL, we conducted a large number of activity measurements on the three catalysts so that the statistical reproducibility could be ascertained. Figure 5 depicts the ECA, SA, and MA for the catalysts along with error bars for measurements conducted within one laboratory. The catalysts were subsequently evaluated in the ANL laboratories, ANL-HFCM and ANL-ESC, using the identical film fabrication technique and test protocols as delineated in the experimental section. Mass and specific activity comparisons between laboratories are illustrated in Fig. 6 and also summarized in Table 7 and are in good agreement. We would like to note that the three Pt/C catalysts selected in our studies were not identical in terms of particle size and other properties, but are all considered commercial and obtainable from the respective suppliers without constraints on evaluation and analysis. Any of these catalysts may be used at a laboratory to ascertain whether activity values have been met using the recommended protocol and operating conditions. Additionally, the best practices and protocols were applied to several alternative catalysts that are frequently reported in the literature including TKK Pt/Vulcan and Umicore Pt/C catalysts. The ECA, SA, and MA for TKK TEC10V50E (50 wt% Pt/Vulcan) and Umicore Elyst Pt50 0380 (50 wt% Pt/C) were evaluated at NREL and found to be as follows: TEC10V50E: 72 ± 3 m 2 /g Pt , 670 ± 25 μA/cm Recently, a few novel Pt-alloy electrocatalysts have been found to possess extremely high ORR activity to the point where raw kinetic currents approach the oxygen diffusion limiting currents leading to obvious errors. In these cases, there are two options that might ameliorate the problem: (i) utilize extremely low loadings so that the raw currents are lower, and, (ii) evaluate the kinetic currents at a higher potential of 0.95 V. Therefore, as an option when extremely high raw kinetic currents are encountered, one may report the ORR activities at 0.95 V and compare to the baseline activities reported in Table 8 .
Conclusions
Standardized TF-RDE testing protocols and electrode preparation techniques were employed for conducting TF-RDE measurements relevant for PEM Pt-based fuel cell cathode electrocatalyst development. The Nafion-based rotational air-dry technique (N-RAD) for film fabrication along with standard protocols were applied to evaluate the ORR activity of three catalysts from three catalyst suppliers and verified to be reproducible across three independent laboratories. Standardization of the TF-RDE test protocols, operating conditions, and film formation technique allows for accurate firstgate screening of newly developed laboratory-scale catalysts in comparison to an established Pt/C activity baseline. It renders the TF-RDE technique a more reliable and useful tool to the scientific community especially when elaborate MEA fabrication and testing is not warranted.
